In this paper, is presented and discussed the quasi-static fracture behavior of a rapid solidification processed magnesium alloy. Test specimens of the magnesium alloy were deformed under quasi-static loading. The resultant tensile properties and fracture behavior are presented and discussed in light of the competing and synergistic influences of nature of loading, intrinsic microstructural effects, matrix deformation characteristics, and macroscopic fracture.
Introduction
The use of magnesium alloys in a variety of technologyrelated applications has seen a progressive growth during the last two decades, and both magnesium and its alloy counterparts continue to make their impact in a spectrum of automotive products. The preferential disposition towards the selection and use of magnesium is attributed primarily to its light weight, i.e., 30% lighter than aluminum, 75% lighter than zinc, and 70% lighter than steel [1, 2] . Besides, magnesium has the highest strength-to-weight ratio [σ/ρ] of any of the commonly used non-ferrous and ferrous metallic materials [1] . Other noteworthy advantages in favor of choosing magnesium include its good castability, high die casting rates, electromagnetic inference, shielding properties, part consolidation, dimensional accuracy, and overall excellent machinability, all of which favor its selection and utilization in automobile products [3] [4] [5] .
The magnesium alloys produced by conventional ingot metallurgy (IM) technique exhibit the drawbacks of less than desirable strength, inferior formability, low thermal stability, inadequate creep resistance, poor oxidation resistance, and inferior corro-sion resistance. Furthermore, a limited number of slip systems places limitations on achieving enhanced strengthening coupled with degradation in ductility or formability of the alloy. Consequently, extensive use of the conventional ingot metallurgy (IM) processed magnesium-base alloys has been restricted [6, 7] . The addition of alloying elements having limited solubility in magnesium, such as: molybdenum, titanium and chromium, having high melting points that far exceed the boiling point of magnesium, were found to be beneficial. Consequently, alloying by traditional ingot metallurgy methods was difficult and had its limitation [7] . The most commonly used alloying elements have limited solid solubility in magnesium and tend to form intermetallic compounds as a result of the electropositive nature of magnesium [8] . These limitations were overcome by use of the technique of rapid solidification processing [9] [10] [11] . In more recent years, few studies have focused on magnesium-based nanocomposites, which have shown the promise of attractive combinations of both strength and ductility.
Rapid solidification processing of magnesium-base alloys facilitates a departure from thermodynamic equilibrium and aids in the preparation of high purity alloys having compositional flexibility [9] [10] [11] . The capability for extended solid solubilities and improved chemical homogeneity that is achievable by rapid solidification, enabled in the preparation of alloy compositions that cannot be easily made using the traditional ingot metallurgy technique. The improved compositional flexibility facilitated in improving the corrosion behavior by minimizing the galvanic coupling between the microscopic in-homogeneities. Also, the presence of new non-equilibrium phases facilitates in improving the corrosion behavior. A conjoint and mutually interactive influence of these effects results in improved mechanical and physical properties coupled with an elimination of redundant metal working and finishing operations. The development and emergence of high strength magnesium-base alloys having lightweight served as an attractive and potentially viable alternative to aluminum alloys with a concomitant savings in weight.
During the last three decades, i.e., since the early 1980s, there has been a preponderance of research activity on rapidly solidified magnesium alloys [9] [10] [11] [12] [13] [14] [15] [16] . This paper presents microstructural influences on the quasi-static deformation and fracture behavior of a rapid solidification processed (RSP) magnesium alloy. The mechanisms governing the quasi-static fracture behavior of the alloy are presented and discussed in light of the conjoint influences of nature of loading, intrinsic microstructural effects, matrix deformation characteristics, and macroscopic aspects of fracture.
Materials and processing
The magnesium-base alloy used in this study was provided by Allied Signal Corporation (Morristown, NJ, USA). The chemical composition of the alloy (in wt.%) is 5.72 aluminum, 2.96 zinc, 6.05 neodymium the remaining magnesium. The material was manufactured using the powder metallurgy (PM)/rapid solidification (RS) technique. Planar flow casting was used to produce rapidly solidified ribbons of the magnesium alloy. The processing of ribbons was conducted in an inert vacuum environment with the objective of: (i) preventing oxidation of the liquid metal surface, and (ii) preventing the entrapment of air under the liquid film. The ribbons, about 50 mm in width, were then reduced to powder (sieve size 500-250 m) using a series of high speed mechanical communition processes [10, 12, 13, 17] . The final product consisted of irregularly shaped flat platelets with a thickness equal to the original ribbon thickness. The powder particles obtained from the process have a uniform microstructure irrespective of the particulate size [14] . To prepare a consolidated body the powders were either out-gassed in a can and then sealed under vacuum, or subjected to hot pressing at 473-573 K for different lengths of time, ranging from 1 to 24 h, depending upon size of the billet. The cans were cold compacted and subsequently extruded at temperatures 473-573 K to round bars at an extrusion ratio of 18:1. A marginal rise in temperature of up to 15 • C above room temperature of the billet occurred due to deformation induced by the mechanical working operation, i.e., extrusion. Precise details of the processing technique and the precautionary methods used can be found elsewhere [14] .
Experimental techniques
The initial microstructure of the as-received material, in the extruded condition, was characterized by optical microscopy after standard metallographic preparation techniques. The etched specimens were observed in an optical microscope and photographed using standard bright field technique.
Tensile specimens were precision machined such that the longitudinal direction, or major stress axis, of each specimen was parallel to the extrusion direction. Thus, in each case, the gross fracture plane was essentially perpendicular to the extrusion direction. The cylindrical test specimens, with threaded ends and a gage section, which measured 25.4 mm in length and 6.25 mm in diameter, conformed well to the standards specified in ASTM E-8 [18] . To minimize the effects of surface irregularities and finish the gage section of all test specimens were mechanically ground using 600 grit silicon carbide impregnated emery paper in order to remove any and all circumferential scratches and surface machining marks. Uniaxial tensile tests were performed on a fully automated computer controlled servo-hydraulic test machine in the room temperature (27 • C) laboratory air (relative humidity of 55%) environment. The specimens of the magnesium alloy were deformed at a constant strain rate of 10 −4 s −1 .
Fracture surfaces of the deformed and failed test specimens were comprehensively examined in a scanning electron microscope (SEM) to: (a) determine the macroscopic final fracture mode, and (b) characterize the fine-scale topography and microscopic mechanisms governing quasi-static fracture. The distinction between macroscopic and microscopic fracture mechanism(s) is based entirely on the magnification level at which the observations are made. The samples for observation in the SEM were obtained from the failed tensile specimens by sectioning parallel to the fracture surface.
Results and discussion

Initial microstructure
A triplanar optical micrograph illustrating the grain structure of the magnesium alloy is shown in Fig. 1 . The microstructure of the Mg-5.72Al-2.96Zn-6.05Nd alloy reveals the powder particles to be deformed and elongated in the direction of deformation, i.e., extrusion direction. The average size of the grain is about 3 m. High magnification observation revealed the powder particles to comprise of well-defined grains (Fig. 2) . At the higher allowable magnifications of the optical microscope (>2000×) very fine particles were found to be distributed in the alloy matrix (Fig. 3) . These particles have been identified and reported as being the dispersoids [14] . This earlier study used micro-diffraction to identify the dispersoid particles and found them to contain a significant portion of aluminum (Al) and neodymium (Nd), i.e., the A1 2 Nd [14] . The formation and presence of the A1 2 Nd dispersoids (melting point temperature of 1733 K) instead of the Mg-RE (rare-earth) dispersoids, which have a lower melting point temperature, in this rapidly solidified Mg-Zn-Al-RE alloy is interesting. The Al 2 Nd dispersoids are thermally stable and help to pin the grain boundaries and prevent the coarsening of grains during high temperature consolidation and hot extrusion. The microstructure of the Mg-5.72Al-2.96Zn-6.05Nd alloy revealed a non-uniform grain size along the three orthogonal directions of the extruded plate. The grains were flattened and elongated in the direction of mechanical deformation, i.e., extrusion.
Tensile response
The ambient temperature tensile properties of the rapidly solidified magnesium alloys, in the as-extruded condition, are summarized in Table 1 . The results reported are the mean values based on duplicate tests. The yield strength of the alloy is 62 Ksi. The high yield strength of this rapid solidification processed alloy is ascribed to the conjoint and mutually interactive influences of (a) fine grain size, (b) solid solution strengthening of the magnesium matrix, and (c) dispersion strengthening arising from the presence of Al 2 Nd particles. The ultimate tensile strength of the alloy is 67 Ksi and only marginally higher than the yield strength, indicating that the work hardening rate past yielding is low. The ductility, measured by elongation over 12.7 mm gage length of the specimen, is low and only 5.4%. However, the reduction in cross-sectional area of the test specimen, another measure of tensile ductility, was 12% and more noticeable than tensile elongation. The engineering stress versus engineering strain curve is shown in Fig. 4 . The strain hardening characteristics of the alloy was evaluated from examining the variation of stress with plastic strain. The variation of monotonic stress with plastic strain obeyed the relationship σ = K(ε p ) n , where K is the monotonic strength coefficient and n is the strain hardening exponent. A low degree of strain hardening can be inferred from a careful examination of Fig. 4. 
Mechanisms governing tensile fracture behavior
The tensile fracture surfaces are helpful in elucidating useful information on the role and/or influence of intrinsic microstructural features on strength, ductility and fracture properties of the rapid solidified magnesium alloy. For the duplicate samples tested fracture occurred at the gage section and was essentially normal to the far-field stress axis. Representative features are shown in Figs. 5 and 6. Fig. 4 . Engineering stress vs. engineering strain curve for the magnesium alloy. On a macroscopic scale fracture of the test specimen was brittle in appearance (Fig. 5a) with the presence of an array of fine microscopic cracks distributed randomly through the fracture surface (Fig. 5b) . Examination of the crack path morphology at higher magnifications revealed the macroscopic crack to be essentially non-linear as it propagated through the alloy microstructure (Fig. 5c) . The macroscopic cracks were surrounded by a random distribution of very fine microscopic cracks. Examination of the fracture surface at higher magnifications revealed a population of dimples of varying size and shape immediately adjacent to the macroscopic and fine microscopic cracks, features reminiscent of locally ductile and brittle failure mechanisms. The higher magnifications also revealed a random distribution of fine microscopic voids (Fig. 6a) . Since crack extension under quasi-static loading occurs at high stress intensities, comparable to the fracture toughness of the material, the presence of a population of fine microscopic voids degrades the actual strain-to-failure associated with ductile fracture. Although the exact nucleation of the fine microscopic voids is difficult to pin-point, their near-equiaxed shape suggests that they may have nucleated around the Al 2 Nd dispersoid particles during the later stages of tensile deformation, without undergoing appreciable growth that would result in their ovalization. The nucleation of a microscopic void at a dispersoid particle and other second-phase particles present in the microstructure occurs when the elastic energy in the particle exceeds the surface energy of the newly formed void surfaces. While this is a necessary condition, it must also be aided by a stress at the matrix-second-phase particle interface that is in excess of the interfacial strength. When a critical value of the interface stress is reached void nucleation is favored to occur. The coalescence of the fine microscopic voids is the last stage in the ductile fracture process. The halves of these voids are the shallow dimples observed on the tensile fracture surface (Fig. 6b) .
During tensile deformation the presence of dislocation pile ups and grain boundary dislocations aids in nucleating voids at the second-phase particles distributed within the alloy matrix and also along the grain boundary regions with the initiation of micro-cracking along the grain boundaries (Fig. 6b) . The fine microscopic and macroscopic cracks were observed traversing the grain boundaries extending in the direction of the tensile stress axis, suggesting the importance of normal stress in enhancing tensile deformation. Microscopically, the magnesium alloy specimens revealed features reminiscent of (i) Locally ductile mechanisms, namely fine microscopic voids and shallow dimples, and
(ii) Brittle mechanisms, i.e., an array of fine microscopic and macroscopic cracks both through the matrix and along the grain boundary regions.
The very fine microscopic voids coalesce and it is the halves of these voids that are the isolated pockets of shallow dimples observed on the tensile fracture surface. The growth of the microscopic voids is dictated by localized plastic deformation. The limited growth of the fine microscopic voids coupled with lack of their coalescence, as a dominant fracture mode, suggests the brittle nature of the microstructure that governs the deformation properties.
Conclusions
A study aimed at understanding the quasi-static fracture behavior of a rapidly solidified magnesium alloy provides the following useful highlights:
1. The grains in the alloy were small in size and elongated in the direction of deformation, i.e., extrusion. Overall, the microstructure consisted of well-defined powder particles. The dispersoids were found to be distributed through the alloy microstructure. 2. The yield strength of the alloy was high and the tensile strength was only marginally higher than the yield strength indicating the tendency for strain hardening beyond yield to be low. 3. Tensile fracture surface morphology revealed an overall macroscopically brittle appearance and microscopically features reminiscent of ductile and brittle failure mechanisms.
